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One of the major problems with using ﬁber reinforced polymer (FRP) in strengthening
reinforced concrete (RC) structures is FRP premature debonding. Anchoring FRP materials
to concrete has become associated with most of the strengthening techniques. One of the
anchoring techniques is using handmade anchors made from FRP materials. In previous
studies, most FRP anchors were made from rolling pre-cut FRP sheets and had short
embedment (<100 mm) as they were used for ﬂexural or shear strengthening of RC beams.
In the present study, FRP anchors were made from carbon ﬁber reinforced polymer (CFRP)
ropes and had long embedment to be used for ﬂexural strengthening of RC columns. A total
of twenty-one pullout tests were conducted on CFRP rope anchors bonded to concrete
using chemical epoxy. The test parameters were embedment length (45, 90, 135, 180, 270,
and 315 mm), anchor hole diameter (12.7, 19.1, and 25.4 mm), and epoxy type (Hilti 500 vs.
MasterBrace SAT 4500). Test results showed that the pullout strength of CFRP anchors
increased with the increase of embedment length, and no signiﬁcant effect of the hole
diameter on the pullout strength was observed. However, the bond strength increased with
decreasing embedment length and hole diameter. The observed pullout results and failure
modes were compared to the predictions of the available models. Finally, a modiﬁed model
was proposed to be used to predict the pullout strength of CFRP rope anchors until more
tests become available to develop a more realistic model.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
1.1. Background
Fiber reinforced polymer (FRP) materials have become the material of choice for strengthening and repairing reinforced
concrete (RC) structures. FRP composites have been used successfully in strengthening RC beams [1–3], slabs [4,5], columns
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[6,7] beam-column joints [8,9], and walls [10,11]. The way of strengthening RC structures can mainly be done by either
externally bonded EB-FRP system or near-surface-mounted NSM-FRP technique. Previous studies have reported that EB-FRP
technique can effectively be used in strengthening RC structures. However, premature FRP-to-concrete debonding failure
that reduces the efﬁciency of the strengthening system has often been observed [12–15]. Therefore, researchers have
developed different types of anchorage systems to delay or prevent debonding failure and utilize the most of the FRP
materials before failure [16–19]. In addition to metal-type anchors [20–22] and epoxy-type anchors [23,24], FRP anchors
(also called fan anchors or spike anchors) are one of the most common types that have been developed to increase the
efﬁciency of EB-FRP system in ﬂexural strengthening of concrete structures [25–27]. Depending on the inclination angle and
the location where they are installed, FRP anchors can be subjected to shear and/or pullout (tensile) forces.
FRP anchors that are used with EB-FRP strengthening systems for ﬂexural or shear strengthening of RC beams are mostly
subjected to shear forces as the angle between FRP anchor and EB-FRP reinforcement is usually between 90 (perpendicular)
and 165 [27]. On the other hand, FRP anchors used in ﬂexural strengthening of RC columns are often subjected to pullout
forces because the angle between FRP anchors and EB-FRP reinforcement is usually 180 [28,29]. In the case of using NSMFRP technique in ﬂexural strengthening of RC columns, the NSM-FRP rods or laminates must be anchored to transfer the load
to the foundation or to the joints. To do that, NSM-FRP materials are inserted in holes predrilled in the foundation and ﬁlled
with bonding agent [30–32]. The forces acting on the FRP materials anchored to the holes are similar to the pullout forces
acting on the 180  FRP anchors described earlier. Therefore, FRP anchors subjected to pullout forces are common whether EBFRP or NSM-FRP systems are used in the strengthening process. Direct pullout test is the simplest and most common way to
investigate the bond properties of FRP materials bonded to concrete [33,34].
1.2. Previous pullout tests
Much research has been carried out to investigate the bond properties of FRP rods epoxy-bonded to concrete and
subjected to pullout forces [35–38]. However, information about the tensile properties of FRP anchors is mainly limited to the
experimental tests of three studies [39–41]. Kim and Smith [39] tested a total of 27 FRP anchors under pure tension loading.
The parameters were the embedment length (20, 40 and 60 mm), the hole (anchor) diameter (12, 14 and 16 mm), and the
amount of CFRP (width of rolled CFRP sheet = 60, 110 and 130 mm). The observed failure modes were concrete cone failure,
combined concrete cone and bond failure, FRP rupture failure, and bond failure. Concrete cone failure was observed for all
FRP anchors with 20 mm embedment. All other failure modes mentioned earlier were observed for anchors with
embedment length of 40 mm or larger. With signiﬁcant variation in the test results, it was observed that anchors with 14 mm
anchor hole diameter had higher pullout strength than those with 16 mm hole diameter. FRP rupture failure was seen in most
of the anchors with 60 mm embedment. The pullout strength clearly increased with the increase of the embedment length.
Compared to the nominal strength of FRP stated by the manufacturer, the maximum pullout force achieved by FRP anchors
with 20, 40, and 60 mm embedment lengths were 34 %, 47 %, and 60 %, respectively. However, the authors stated that more
tests were required to verify their conclusions. It was claimed that the variation of the results was mainly due to the challenge
associated with the manufacturing process of FRP anchors.
Ozbakkaloglu and Saatcioglu [40] tested 81 FRP anchors under pure tension (pullout). The parameters were the
embedment length (25, 50, 75, and 100 mm), the hole diameter (12.7, 15.9, and 19.1 mm), concrete strength (25 and 50 MPa),
and the angle of anchor inclination (0 , 15 , 30 , and 45 ). It was observed that 84 % of the tested anchors failed by either cone
failure or combined cone and bond failure, 10 % failed by FRP rupture, and 6% failed by concrete splitting. Cone failure mode
was observed for all FRP anchors with 25 mm embedment length, and the depth of the concrete cone was 25 mm as well.
However, it was found that the depth of the concrete cone reduced when the embedment length increased. The average bond
stress decreased when increasing the embedment length, suggesting that the stress distribution along the length of the
anchor was not uniform. The average bond strength also decreased with increasing the anchor diameter. The authors related
this observation to the effects of Poisson’s ratio. Concrete strength did not have a signiﬁcant effect on the bond strength. By
looking at all the 81 tested anchors including those that failed in FRP rupture, the maximum achieved pullout force did not
exceed 50 % of the nominal FRP strength. This was judged to be greatly related to the quality of the manufacturing process of
FRP anchors. Therefore, the authors recommended a reduction factor of 0.33 when calculating the tensile strength of
handmade FRP anchors.
For the ﬁrst set of tests, Ozdemir [41] tested a total of 153 pullout specimens. However, only 127 tests were considered
because the quality of 26 tests were not as desired, and therefore they were excluded. The study parameters were the
embedment length (70, 100, and 150 mm), the hole diameter (12, 14, and 16 mm), CFRP amount (width of pre-cut CFRP sheet
= 80, 120, and 160 mm),and concrete compressive strength (10, 16, and 20 MPa). The author stated that it was hard to make
any conclusions out of the test results as the results had no clear correlation. It was observed, though, that the optimum
embedment depth was 100 mm. Seventeen additional tests were carried out in the second series of the pullout tests. All
seventeen specimens were made of the same width of pre-cut CFRP sheet (120 mm) and had a hole diameter of 20 mm. The
varied parameters were the embedment depth (50, 70, 100, 150 mm) and concrete strength (10 and 16 MPa). Ozdemir
conﬁrmed from the second set of pullout tests that the optimum embedment length for FRP anchors was 100 mm. However,
by reviewing the row data published by the same author [41], it can be observed that many of the specimens with
embedment length of 150 mm achieved higher pullout strengths than those with 100 mm embedment. In fact, the ratio of
the maximum achieved pullout force to the nominal ultimate capacity of CFRP was at its maximum (66 %) when the
2
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embedment length was 150 mm. Therefore, it might be necessary to investigate the tensile behavior of CFRP anchors with
deeper embedment lengths.
In all previous studies [39–41], CFRP anchors were made by rolling pre-cut CFRP sheets to form rope-like anchors. A
common conclusion was that the results were scattered, and large variation in pullout strength was observed because of the
challenges associated with the fabricating process of the anchors. Twisting and “poor alignment” of the ﬁbers while
fabricating CFRP anchors were the main reasons of this challenge [39]. However, ready-made CFRP ropes have become
recently available in the market. Using CFRP ropes to produce CFRP anchors is easier than rolling pre-cut CFRP sheets to
fabricate CFRP anchors. Since none of the previous studies used CFRP ropes to fabricate their anchors, it is unsafe to assume
that the tensile behavior of CFRP anchors made of rolling pre-cut CFRP sheets is the same as that of anchors made from CFRP
ropes. Moreover, the maximum embedment length considered in the previous studies was 100 mm, except for Ozdemir [41]
who tested a few samples with 150 mm embedment. However, Ozdemir was not successful to obtain useful conclusions for
anchors with an embedment length larger than 100 mm. One might argue that longer embedment might be required if FRP
anchors are used in ﬂexural strengthening of RC columns because the anchors are installed where the maximum load
transfer occurs. However, all these studies [39–41] focused on using the anchors to delay or prevent debonding failure for RC
beams strengthened with EB-FRP composite sheets. Kim and Smith [42] proposed a model to predict the pullout strength of
FRP anchors. They concluded that more tests are required to improve the accuracy of the model. The model considered
embedment lengths of up to 100 mm because there was no reliable data with larger embedment lengths. A more recent
theoretical model has been proposed by Villanueva Llauradó [27]. However, for pullout strength (anchors subjected to pure
tension), Villanueva Llauradó used the same model proposed by Kim and Smith [42] because there were no reliable
experimental data other than the tests considered in the model proposed by Kim and Smith. Finally, even though the
properties of the bonding agent (epoxy adhesive in this case) is expected to affect the tensile behavior of FRP anchors [40], to
the best of the authors knowledge epoxy type has not been considered as a parameter in any of the previous studies focusing
on pullout strength of FRP anchors.
1.3. Pullout tests – the present study
In the present study, a total of twenty-one pullout tests were carried out on CFRP anchors made from ready-made CFRP
ropes. The nominal embedment lengths were 45, 90, 135, 180, 270, and 315 mm. This study is the ﬁrst to consider an
embedment length larger than 150 mm. The hole diameters were 12.7, 19.1, and 25.4 mm. Since none of the previous studies
considered varying the epoxy type, two types of epoxy adhesives available in the market were considered in this study. The
results of previous tests [39–41] show that concrete compressive strength did not have signiﬁcant effects on the pullout
strength of FRP anchors, especially for anchors with deep embedment. Therefore, a nominal concrete strength of 20 MPa was
considered for all test specimens in the present study. The main aim of this investigation is to provide additional
experimental data on the tensile behavior of FRP anchors made from CFRP ropes. In addition, the tests carried out in this
study is part of an ongoing investigation on using CFRP ropes in ﬂexural strengthening of RC columns. As mentioned earlier,
CFRP ropes epoxy-bonded to concrete have not been tested to examine their tensile behavior. The results of this investigation
provide useful information for developing and calibrating future theoretical models to predict the tensile behavior of FRP
anchors made of CFRP ropes. The available models in the literature have been utilized to predict the pullout strength of the
teste specimens, and the results were compared with the experimental data of this study. Finally, a modiﬁed model was
proposed to better predict the tensile strength of CFRP rope anchors.
2. Materials
2.1. Concrete
The concrete strength was not one of the parametric studies considered in this study. Therefore, it was aimed to consider
one concrete strength for all test specimens. In this study, the concrete strength represented a typical strength of concrete
materials used in older RC structures (pre 1970s). The reason for this assumption was that the presented work was part of an
experimental investigation focused on strengthening and repairing deﬁcient RC columns that were designed and built based
on older codes (pre 1970s). At that time, a concrete strength of 20 MPa was typical for RC columns [43]. A ready-mixed
concrete of 20 MPa was ordered from a local provider. All test specimens were cast on the same day. However, the pullout
tests were conducted in different days. The time period between the ﬁrst test and the last test was 15 days. The average
concrete strength at 28 days was 19.1 MPa determined based on testing three concrete cylinders (150 mm x 300 mm)
following ASTM Standards [44]. The concrete strength for each pullout specimen was also determined by testing three
concrete cylinders on the day of pullout test. The concrete strengths for all pullout specimens will be presented later.
2.2. CFRP
A new form of CFRP material called “CFRP rope” was used in the present study. It is a unidirectional carbon ﬁber string that
comes from the manufacturer as a 25-meter string encased in a plastic envelope and rolled on plastic reel dispenser. One of
the advantages of using CFRP rope is that it is a ﬂexible-multifunctional string that can be used in different shapes and angles
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in structural strengthening and rehabilitation of concrete structures. Based on the manufacturer’s data sheet, the dry carbon
ﬁber tensile strength, modulus of elasticity, and ultimate strain are 4000 MPa, 240 GPa, and 1.67 %, respectively. However, to
produce composite CFRP ropes, carbon ﬁbers need to be mixed with epoxy resin. Because the tensile strength of the epoxy is
signiﬁcantly less than that of the ﬁbers, the tensile strength of the resulting composite material (ﬁber + epoxy) is expected to
be less than the tensile strength of the dry ﬁbers [45–47]. It was reported by the manufacturer that the rope composite tensile
strength, modulus of elasticity, and ultimate strain are 2100 MPa, 230 GPa, and 0.91 %, respectively. Depending on the
manufacturer’s technical data sheet, the strength of carbon ﬁbers (4000 MPa) was reduced signiﬁcantly (48 %) when mixed
with epoxy and tested as a composite material (2100 MPa).
2.3. Epoxy
Two types of commercially available epoxy adhesives were considered in this study. A low viscosity epoxy material
consisted of two parts was used as an impregnating resin (commercially known as MasterBrace SAT 4500 and called epoxy
Type B in this study). Epoxy Type B is a blue color epoxy usually used in practice to encapsulate FRP fabrics. As speciﬁed by the
manufacturer, the tensile strength, modulus of elasticity, and the ultimate strain of the impregnating resin were 55.2 MPa, 3
GPa, and 3.5 %, respectively. The second type of epoxy was a high viscosity, high strength, two-part epoxy adhesive that was
used as an anchoring resin (commercially known as Hilti 500 and called Type A in this study). As speciﬁed by the
manufacturer, the tensile strength, bond strength, and ultimate strain of the anchoring resin Type A were 43.4 MPa, 12.4 MPa,
and 2.0 %, respectively. Epoxy Type A is a red epoxy usually used in practice as a chemical adhesive for fastening steel bars/
bolts into concrete. The epoxy type was one of the parameters considered in this investigation. All CFRP anchors were
impregnated with epoxy Type B. However, specimens were anchored to the concrete by using either Type A or Type B epoxy
adhesives.
3. Test specimens
3.1. Concrete blocks
A total of nine plain concrete blocks (without steel reinforcement) were fabricated in the laboratory. Concrete blocks #1,
#2, and #3 were designed for short CFRP rope anchors (embedment = 5D and 10D) and were 200 mm (width) x 900 mm
(length) x 150 mm (thickness). The letter “D” here represents the diameter of CFRP rope, which was assumed to be 9 mm. For
longer CFRP anchors (15D and 20D), the dimensions of the concrete blocks (blocks #4 and #5) were 400 mm (width) x 800
mm (length) x 250 mm (thickness). For the longest CFRP anchors (20D, 30D, and 35D), the dimensions of the concrete blocks
(blocks #6 through #9) were 600 mm (width) x 600 mm (length) x 400 mm (thickness). The compressive strengths for all
concrete blocks on the day of testing are listed in Table 1.
3.2. Steel grippers
One of the challenges with FRP composite materials is the fact that they are super weak in the transverse direction. This
fact makes it a challenge to hold FRP materials during pullout or tensile tests. In this study, an anchoring technique proposed
previously [48–50] were modiﬁed and used to hold one of the ends of CFRP ropes during the pullout tests. The gripping
technique consisted of a steel tube continuously threaded from the outside and smooth from the inside. In the present study,
the inside smooth surface of the tube was roughened slightly by a hand threading tap to increase the friction between the
bonding agent and the steel surface (Fig. 1a). From the outside, a hex nut was placed and ﬁxed at one of the tube ends. As
shown in Fig. 1(a), the outside surface of the nut was also roughened slightly using a steel grinding tool. The edges at the end
of the steel tube, where the nut was attached, was curved to minimize stress concentration when the ﬁbers of CFRP rope
bend over it. The length of the steel tube ranged between 65 mm–125 mm depending on the anticipated maximum force and
the dimensional requirements of the test setup. CFRP rope was cut by special scissors to the desired lengths (Fig. 1b). The
steel tube was hold vertically on a wood frame as shown in Fig. 1(c), and the lower opening was closed by a duct tape to
prevent epoxy from spalling out. The steel tube was then ﬁlled with epoxy. After being impregnated, CFRP rope was inserted
inside the steel tube from top to bottom (Fig.1c). The extra length of CFRP ﬁbers on the top were separated like a fan and bent
180 to be attached to the outside surface of the nut as shown in Fig. 1(d). The other end (bottom end) of CFRP rope was
embedded into the concrete as described in the following section. The samples were left undisturbed for at least 48 h.
3.3. CFRP anchor installation
The procedure started with drilling holes in the concrete blocks using a commercially available concrete drill (Fig. 2a).
New drill pits were used to avoid local cracks and damages to the concrete specimens. The holes were cleaned using
compressed air and steel brush, and they were ﬁlled with epoxy. As described earlier in the previous section, each steel tube
was placed vertically on a wood frame and centered on top of a hole that was already cleaned and ﬁlled with epoxy (Fig. 2b).
CFRP rope was then inserted vertically from the top all the way through the steel tube to the concrete surface. The bottom end
of CFRP rope was tied with a plastic zipper and pushed to the bottom of the hole by a steel rod. Since the holes were ﬁlled with
4
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Table 1
Specimen details and experimental results.
Specimen

Concrete
block

Concrete
strength2 , MPa

Epoxy
type3

Nominal
embedment, mm

Measured
embedment, mm

Hole diameter,
mm

Max. pullout, Failure
kN
mode4

A-5D-1.5D
B-5D-1.5D
A-5D-2D
A-5D-2DR1
B-5D-2D
A-5D-2.8D
B-5D-2.8D
A-10D-1.5D
B-10D-1.5D
A-10D-2D
B-10D-2D
A-10D2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D
A-20D-2DR1
A-20D2.8D
A-30D2.8D
A-30D-2D
A-35D-2D

Block#1
Block#1
Block#1
Block#2

22.4
22.4
22.4
22.1

A
B
A
A

45
45
45
45

46
47
45
45

12.70
12.70
19.10
19.10

15.70
17.97
11.92
20.46

CC
CC
SF
CC

Block#1
Block#3
Block#3
Block#1
Block#2
Block#2
Block#2
Block#3

22.4
22.1
22.1
22.4
22.1
22.1
22.1
22.1

B
A
B
A
B
A
B
A

45
45
45
90
90
90
90
90

43
48
46
93
92
90
91
92

19.10
25.40
25.40
12.70
12.70
19.10
19.10
25.40

16.64
20.19
15.70
25.67
23.44
26.11
24.15
27.58

CB
CC
CC
CB
CB
CB
CB
CB

Block#3
Block#5
Block#4
Block#4
Block#6

22.1
22.6
22.6
22.6
21.9

B
A
A
A
A

90
135
135
180
180

93
136
134
180
182

25.40
12.70
19.10
19.10
19.10

23.98
51.02
50.75
46.35
67.52

CB
CB
CB
SF
GF

Block#5

22.6

A

180

183

25.40

48.57

SF

Block#9

21.9

A

270

269

25.40

76.11

BF

Block#7
Block#8

21.9
21.9

A
A

270
315

270
318

19.10
19.10

69.93
66.01

GF
RF

1

The letter “R” means that this specimen was a repeated specimen.
Based on the average of testing three concrete cylinders on the day of testing.
Epoxy Type A is Hilti 500 and Epoxy Type B is MasterBrace SAT 4500.
4
Failure modes; concrete cone failure (CC), combined concrete cone-bond failure (CB), CFRP-to-epoxy bond failure (BF), concrete splitting (SF), CFRP
rupture failure (RF), and gripper failure (GF).
2
3

Fig. 1. Fabrication of CFRP rope with steel anchors.
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Fig. 2. FRP anchor installation.

epoxy before inserting the ropes, extra epoxy spilled out of the holes. The extra epoxy was leveled, and special efforts were
made to make the ﬁbers of the CFRP rope straight with good alignment (Fig. 2c). An example of cured CFRP anchors ready for
pullout test is shown in Fig. 2(d).
3.4. Specimen designation and test matrix
Specimens’ labels were associated with the assumed diameter of CFRP rope. Because impregnated CFRP rope does not
have a clear diameter, the diameter was assumed to be 9 mm based on the authors’ best estimation. The letter “D” in a
specimen label refers to the diameter of the rope. Epoxy type was also considered in naming the specimens. Specimens
starting with the letter “A” mean that epoxy Type A was used as the anchoring resin, and specimens starting with the letter
“B” indicate that epoxy Type B was used. For example, A-5D-1.5D refers to a specimen with epoxy Type A, nominal
embedment length of 5D (5  9 = 45 mm), and a nominal hole diameter of 1.5D (1.5  9 = 13.5 mm). It should be noted that
the hole diameters in this study were selected based on the most available sizes of drilling bits in the United States (12.7, 19.1,
and 25.4 mm). Table 1 provides a list of pullout test specimens. Specimens’ labels, concrete strength, epoxy type, embedment
length, and hole diameter are listed in Table 1. Two specimens (A-5D-2D-R and A-20D-2D-R) had the letter “R” at the end
meaning that these specimens were repeated because similar previous specimens (A-5D-2D and A-20D-2D) failed in
concrete splitting.

6
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Fig. 3. Test setup and instrumentation.

3.5. Test setup and instrumentations
Fig. 3 shows the test setup and instrumentation. The head of the anchor was hooked as shown in the ﬁgure and pulled up
using an all-thread high-strength steel rod and a hydraulic ram. The strain in the CFRP rope was measured by a strain gauge
attached to the free length of the rope as shown in Fig. 3. Two linear variable differential transformers (LVDTs) were used to
measure the slippage between CFRP rope and concrete. The load was measured using a hollow strain-gauge based load cell.
The all-thread steel rod went through the load cell and the hydraulic ram, and it was locked by a nut on top of the ram. The
load cell, strain gauge, and the two LVDTs were all connected to a data logging system that measured the applied load, CFRP
strain, and displacements at a rate of 20 readings per second. The loading rate was based on the recommendations of ACI [33]
and ASTM [51]. ACI recommends that the loading rate should not be more than 20 kN/min. ASTM suggests that the test
should be done between one and three minutes. In this study, the anticipated maximum anchor capacity was divided by 2
and was applied in one minute, aiming to ﬁnish the test within two minutes. The loading rate used in this study fulﬁll both
above guidelines.
4. Experimental results and discussions
Table 1 shows the pullout load capacities for all tested specimens. The pullout strengths ranged from about 12 kN for
shallow embedment to 76 kN for deep embedment of CFRP anchors. The maximum pullout load (76 kN) achieved in this
study is the maximum achieved pullout strength for CFRP anchors so far in the literature. The record used to be 61 kN for a
CFRP anchor tested by Ozbakkaloglu and Saatcioglu [40]. Although the results were scattered, as observed by most previous
studies [39–41], observations on the effects of embedment length, hole diameter, and epoxy type on the pullout capacity of
CFRP anchors are discussed in the following sections. Discussion about the observed failure modes is also provided. First, the
results of this investigation are presented. Then, data from previous tests on comparable CFRP anchors [39–41] are included
in the discussion.
4.1. Effect of embedment length
It has been reported in the literature that higher pullout capacity is expected for larger embedment length whether the
FRP is in a form of bars [35–37] or anchors made of rolling pre-cut CFRP sheets [39–41]. However, no reliable tests are
available for FRP anchors with embedment length larger than 100 mm. Fig. 4(a) shows the relationship between the
embedment length and pullout capacity of CFRP rope anchors, and Fig. 4(b) shows the relationship between the pullout
capacity of CFRP rope anchor with the embedment length/hole diameter. The results of the present study conﬁrm that
pullout strength increases with the increase of the embedment length. Looking at the trend of the results presented in
Fig. 4(a), this observation is generally true for all anchors with embedment lengths up to 270 mm. One specimen (A-35D-2D)
was tested with 315 mm embedment, and it achieved lower pullout strength than anchors with 270 mm embedment. In
addition, the pullout strength of anchors with 180 mm was slightly lower than that of 270-mm anchors. Therefore, it can be
stated that the optimum embedment length for CFRP rope anchor lays between 180 mm and 270 mm. Ozdemir [41]
7
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Fig. 4. Effect of the embedment length (present study).

concluded that the optimum embedment length for CFRP anchors was 100 mm. However, Ozdemir’s conclusion may be
questionable because all specimens with 150-mm embedment failed by CFRP rupture, which means that the CFRP amount
used in fabricating the anchors was not adequate. If more CFRP amount had been used, it is conceivable that anchors with
150-mm embedment could have achieved higher pullout load than those with 100-mm embedment. The results of the
present study conﬁrm that anchors longer than 100-mm embedment achieved higher pullout strength.
Fig. 4(b) shows that the pullout strength increases with increasing the embedment/ hole diameter ratio. The maximum
achieved pullout strengths were for CFRP rope anchors with embedment/ hole diameter between 9.5 and 14.5. Fig. 5
compares the results of the present study to the data available in the literature. It can be clearly seen that information about
CFRP anchors longer than 100 mm relies solely on the tests performed in the present study. Although more tests are required
to have statistically meaningful data, the increase of the pullout strength with increasing the embedment length can be
clearly observed. Fig. 6(a) shows the average bond stress vs. embedment length. The average bond stress was calculated by
dividing the maximum achieved pullout force (kN) by the bonded area of CFRP rope anchor. It can be observed that the
average bond stress decreases with the increase of the embedment length, as shown in Fig. 6(a), and for the same
embedment length, smaller anchor hole diameters achieved higher bond strength than larger diameters. Fig. 6(b) compares
the results of this study with the average bond stresses achieved by other investigators in previous tests. Although the data
points are scattered, it can be noted that generally the bond stress decreases by increasing the embedment length. This
observation stands against the simplifying assumption that the bond stress is evenly distributed along the length of the
anchor.

Fig. 5. Pullout load vs. embedment length; data from present and previous studies.
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Fig. 6. Average bond stress vs. embedment length; (a) Present study and (b) Previous studies vs. present study.

4.2. Effect of anchor hole diameter
The effects of anchor hole diameter on pullout load and average bond stress are presented in Figs. 7 and 8, respectively.
The relationship between pullout load (kN) and anchor hole diameter is shown in Fig. 7(a). It can be observed that hole
diameter does not have a signiﬁcant effect on the pullout strength of CFRP rope anchors. For a constant embedment length
(45 mm or 90 mm), changing hole diameter from 12.7 mm to 25.4 mm did not increase the pullout load more than 5%. The
pullout load decreased 1% when the hole diameter increased from 12.7 mm to 19.1 mm for anchors with 135-mm
embedment. On the other hand, the pullout load increased by 9% when the anchor hole diameter increased from 19.1 mm to
25.4 mm for anchors with embedment length of 270 mm. Based on the limited range of tested specimens and observed
results, the effect of hole diameter on the pullout strength of CFRP rope anchor does not appear to be signiﬁcant. When
considering more data from previous tests [39–41], as shown in Fig. 7(b), it is noted that no clear pattern of behavior can be
9
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Fig. 7. Effect of anchor hole diameter; (a) present study and (b) data from present and previous studies.

Fig. 8. Average bond stress vs. anchor hole diameter; (a) Present study and (b) data from present and previous studies.

observed about the effect of anchor hole diameter on the pullout load. However, the maximum pullout load was achieved
when the hole diameter was 19.1 mm for all embedment lengths ranged between 25 mm and 100 mm. Depending on the
data of previous results (Fig. 7b; embedment is equal or smaller than 100 mm), a hole diameter of 19.1 mm (2D) might be the
optimum hole diameter for CFRP anchors. However, Fig. 7(a) shows that this observation is not necessarily true, especially for
embedment larger than 100 mm.
Fig. 8 shows that the average bond stress decreases with the increase of anchor hole diameter. This observation can be
made based on the results of this study (Fig. 8a) and the results of previous tests [39–41] (Fig. 8b). For all embedment lengths
considered in Fig. 8(a) (45 mm–270 mm), the maximum bond stress was achieved when the hole diameter was 12.7 mm,
which was the smallest diameter considered in this study. Fig. 8(b) also shows that smaller anchor hole diameters achieved
higher bond stresses than larger diameters. Ozbakkaloglu and Saatcioglu [40] described this phenomenon by the effect of
10
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CFRP Poisson’s ratio. Anchors with larger hole diameter experience larger lateral deformation when subjected to pullout
load, and therefore larger diameters would have less conﬁnement and less frictional resistance between CFRP anchor and
surrounding concrete. In addition, previous studies on pullout strength of FRP bars bonded to concrete with chemical epoxy
recommended an optimum ratio of hole diameter to bar diameter of 1.5 [36]. In the present study, anchor hole diameter of
12.7 mm is approximately 1.5 time the diameter of CFRP ropes.
4.3. Effect of epoxy type
The effect of epoxy type on the pullout strength of CFRP anchors has not been investigated before. In this study, a total of
twelve specimens can be used to compare the inﬂuence of two different types of epoxy on the tensile behavior of CFRP rope
anchors. All twelve specimens had the same embedment length, same hole diameter, and same amount of CFRP. Two
commercially available epoxy types were compared. As described in section 2.3, epoxy Type A is commercially known as Hilti
500 and epoxy Type B is known as MasterBrace SAT 4500. Fig. 9 shows that CFRP anchors constructed with epoxy Type A
achieved higher pullout strength than those with epoxy Type B, except specimens with 45-mm embedment and 12.7-mm
anchor holes (A-5D-1.5d vs. B-5D-1.5D). The tensile strength of CFRP rope anchors using epoxy Type A was at least 9% and at
most 29 % higher when using epoxy Type B. It appeared that CFRP rope anchors were stronger with epoxy Type A than they
were with epoxy Type B. Based on this observation, the rest of the specimens were constructed with epoxy Type A.
4.4. Failure modes
Five main failure modes were observed in this study: concrete cone failure (CC), combined cone-bond failure (CB), CFRPto-epoxy bond failure (BF), concrete splitting (SF), and CFRP rupture failure (RF). In addition, CFRP rope slipped from the steel
gripper for two specimens (A-20D-2D-R and A-30D-2D). This failure mode is called gripper failure (GF) in this study. The
observed failure modes are listed in Table 1. As reported in previous tests [39], concrete cone failure mode was observed in
most specimens with 45-mm embedment (Fig. 10a). The cone depth was equal to the embedment length. Only one specimen
(A-5D-2D) of 45-mm embedment failed in concrete splitting, and therefore the test was repeated (A-5D-2D-R). Another
specimen (B-5D-2D) failed in combined cone and bond failure. All specimens with embedment of 90-mm and 135 mm failed
with combined cone and bond failure (Fig. 10b). The cone depth was smaller than that of 45-mm anchors. It is interesting to
note that the relationship between embedment length and failure modes observed in this study was similar to the failure
modes observed in testing metal anchors [52].
Unfortunately, two of the 180-mm anchors (A-20D-2D and A-20D-2.8D) failed by concrete splitting (Fig. 10c). Concrete
splitting failure indicated that the concrete block was too small to resist the pullout force. The results of these two specimens
were excluded from the analysis. Bond failure (Fig. 10d) was observed by only one specimen (A-30D-2.8D), which had an
embedment of 270 mm. The bond failure was between CFRP rope and epoxy. This type of failure is new and was not observed
in any of the previous studies. Gripper failure (GF) was observed in specimens A-20D-2D-R and A-30D-2D (Fig. 10e). The
failure was caused by low construction quality of the steel grippers for these two specimens. Finally, one specimen only (A35D-2D) failed in FRP rupture (Fig. 10f). Although A-35D-2D reached CFRP rupture, the maximum pullout load was 13 %
lower than the maximum pullout strength achieved by A-30D-2.8D, which failed by CFRP-to-epoxy bond failure (BF). This
indicates that the CFRP ﬁbers in A-35D-2D were not aligned well. The issue of ﬁber misalignment was also observed by
previous investigations [39–41].

Fig. 9. Effect of epoxy type on the pullout strength.
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Fig. 10. Failure modes; (a) concrete cone failure, (b) combined cone and bond failure, (c) concrete splitting, (d) bond failure, (e) gripper failure, and (f) CFRP
rupture failure.

4.5. Load-displacement relationships
Fig. 11 shows typical load-displacement relationships for some of the tested specimens. Two small LVDTs were attached
to the CFRP rope and concrete surface to measure the displacement, as shown in Fig. 3. Because of the test setup and the
nature of the CFRP rope anchor, it was hard to distinguish between the slippage and concrete displacement. Therefore, the
displacement in Fig. 11 is the total displacement including slippage if occurred. It was not expected to see any signiﬁcant
slippage for short anchors (45-mm embedment), most of which failed in concrete cone failure mode. Longer anchors might
have experienced some slippage, but slippage was not measured separately by itself. Only one specimen (A-30D-2.8D) in this
study failed mainly by slippage that occurred between CFRP rope and epoxy. A-30D-2.8D had 270-mm embedment and 25.4mm hole diameter. The load-displacement response of A-30D-2.8D is labeled in Fig. 11 as “270 mm” or “slip-270 mm.” The
reason the response of this specimen was divided into two stages in Fig. 11 was that it was the only specimen to show a
ductile post-peak response. Slippage was the main reason for the post-peak ductile response of A-30D-2.8D. All other
specimens failed in a brittle manner as shown in Fig. 11.
4.6. Bond strength
It can be observed in Figs. 6 and 8 that the average bond stress decreases with the increase of embedment length and hole
diameter. The average bond stress for all eighteen specimens tested in this study (excluding specimens with concrete
splitting failure mode) was 5.8 MPa. By considering a total of 76 pullout tests on CFRP anchors analyzed by Kim and Smith
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Fig. 11. Typical pullout load vs. concrete displacement relationships.

[39], the average bond stress was 8.8 MPa. There are no guidelines on what to assume as the average bond stress for CFRP
anchors. ACI 440 [53] recommends that 6.9 MPa can be assumed as the average bond stress for NSM-FRP bars. However, that
assumption was based on tests conducted on FRP bars; not FRP anchors or ropes. Because no data were available on the
tensile behavior of CFRP rope anchors, Kaya et al. [54], which is the only study in the literature that used CFRP rope in
strengthening ﬂexural members, proposed that an average bond stress of 5 MPa could “conservatively” be assumed for CFRP
ropes chemically bonded to concrete. Based on the test results in the present study and previous studies [39–41], an average
bond stress lower than what is suggested by ACI 440 (6.9 MPa) is recommended to be used for FRP anchors (Fig. 6b). The
average bond stress should be reduced even more for FRP anchors with deep embedment (larger than 100 mm).
5. Available theoretical models
In this section, the results of the pullout tests were compared with existing theoretical models. The only available model
up to date is the one proposed by Kim and Smith [42]. The model was developed based on the pullout tests conducted on FRP
anchors by three experimental studies [39–41]. All data gathered to create the model [42] were based on CFRP anchors made
from rolling pre-cut CFRP sheets. The pullout strength of CFRP anchors were predicted based on three main failure modes,
namely concrete cone failure, combined cone-bond failure, and CFRP rupture. Table 2 presents the equations used to
calculate the pullout strength of CFRP anchors based on the failure modes. In the following sections, the equations available
for each failure mode are discussed. Then, the equations presented in Table 2 are used to predict the pullout strength of the
specimens tested in the present study.
5.1. Concrete cone failure model (NCC)
This type of failure commonly occurs in anchors with shallow embedment. The pullout capacity in this type of failure
mode depends mostly on concrete tensile strength. The embedment length at which FRP anchor fails due to concrete cone
failure varies and affects by the mechanical properties of the concrete. Ozdemir [41] used Eq. 1 to calculate concrete cone
capacity of FRP anchors. The equation was originally developed by ACI 349-85 [55] for metallic anchors. Concrete cone
qﬃﬃﬃﬃ
0
pullout capacity in Eq. 1 is determined by multiplying concrete tensile strength (0.33 f c ) by the projected area of the failure
cone assuming an angle of 45 [phðd þ hÞ]. Ozdemir [41] assumed that all FRP anchors with embedment (h) less than 50 mm
fail by concrete cone failure mode (CC), as shown in Eq.1. Ozbakkaloglu and Saatcioglu [40] stated that ACI equation of
qﬃﬃﬃﬃ
0
concrete tensile strength, 0:33 f c , underestimate the actual tensile strength, so they modiﬁed Eq. 1 by replacing the tensile
qﬃﬃﬃﬃ
0
0
strength of concrete, 0:33 f c , with experimentally-recorded tensile strengths, ðf ct Þexp . Kim and Smith [42] used the concrete
capacity design (CCD) approach proposed by Fuchs et al. [56] to calculate the concrete breakout strength, or concrete cone
capacity of FRP anchors. Eq.3 assumes that the angle of failure cone is about 35 . For metallic anchors, the value of the α is
recommended to be 13.5 [56]. Kim and Smith [42] analyzed the experimental data of FRP anchors [39–41] and recommended
to use a value of 9.68 for α.
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Table 2
Available equations to predict the pullout strength of CFRP anchors.
Concrete cone failure (CC)
Equation

Reference

NCC

Condition

Eq. 1

Ozdemir [41]

qﬃﬃﬃﬃ
0
0:33 f c hðd þ hÞp

h < 50mm

Eq. 2

Ozbakkaloglu and Saatcioglu [40]

Eq. 3

Kim and Smith [42]

0

ðf ct Þexp hðd þ hÞp
qﬃﬃﬃﬃ
0
a h1:5 f c

Combined cone-bond failure (CB)
Eq. 4

Ozdemir [41]

NCC + NCB
qﬃﬃﬃﬃ
0
0:33 f c 50ðd þ 50Þp þ t ave pdðh  50Þ

Eq. 5

Ozbakkaloglu and Saatcioglu [40]

ðf ct Þexp hc ðd þ hc Þp þ t bond pdðh  hc Þ

Eq. 6
Rupture failure (RF)

Kim and Smith [42]

tave pdh

Eq. 7
Eq. 8
Eq. 9

Ozdemir [41]
Ozbakkaloglu and Saatcioglu [40]
Kim & Smith [42]

NRF
wFRP tFRP F FRP
0:33 wFRP tFRP F FRP
0:59 wFRP tFRP f FRP

Condition
h > 50

0

Note: NCC = concrete cone tensile capacity; NCB = combined cone-bond tensile capacity; NRF = FRP rupture capacity; h = embedment length; hc = concrete
cone failure depth; d = anchor hole diameter; t ave = average bond stress along the length of the embedment (h); t bond = average bond stress
0

along the bond length ðhb ¼ h  hc Þ; ðf ct Þexp = splitting tensile strength at 28 days based on test results; a = coefﬁcient for calculating concrete
breakout strength based on CCD approach [56] (modiﬁed by Kim and Smith [42]); wFRP = width of FRP sheet used to fabricate FRP anchors; tFRP
= thickness of FRP sheet used to fabricate FRP anchors; F FRP = maximum theoretical tensile strength of FRP, and f FRP = tensile rupture strength
of tested FRP ﬂat coupons.

5.2. Combined concrete cone-bond failure mode (NCC + NCB)
Combined concrete cone-bond failure mode is a combination of concrete cone strength (NCC) and anchor bond strength
(NCB). Cook et al. [57] proposed an approach to determine the pullout capacity of metallic adhesive anchors by adding
concrete cone capacity to anchor bond capacity (NU = NCC +NCB). Ozdemir [41] used the same approach proposed by Cook
et al. [57] but assumed that cone depth (hc) is always equal to 50 mm, as shown in Eq. 4 (Table 2). In Eq. 4, the average bond
strength (t ave ) was assumed to be 9.0, 7.2, and 4.5 MPa for concrete strengths of 20, 16, and 10 MPa, respectively. On the other
hand, Ozbakkaloglu and Saatcioglu [40] determined the cone depths (hc) and bond depths (hb = h - hc) experimentally for
each specimen and used them to develop a relationship between embedment length, hole diameter and bond strength (Fb).
The average bond strength (t bond , MPa) used in Eq. 5 is calculated by dividing the bond strength (Fb, kN) by the contact area
along the bond depth (h - hc).
Kim and Smith [42] stated that it was difﬁcult to accurately predict of the concrete cone depth. Ozdemir [41] assumed that
the cone depth was constant, equal to 50 mm. Ozbakkaloglu and Saatcioglu [40] used the observed cone depths without
providing an expression for calculating the cone depth. In addition, the contribution of the concrete cone resistance to the
pullout strength was found to be minimal for metallic anchors [58]. Kim and Smith [42] found that the best model to
efﬁciently predict the pullout strength of FRP anchors was by assuming an average bond stress (t ave ) acting along the total
embedment length. Based on the analysis conducted on available FRP pullout tests [39–41], Kim and Smith [42] proposed an
equation (Eq. 6) to predict the combined concrete cone-bond failure capacity without the need to know the depth of the
concrete cone. The average bond strength (t ave ) could be taken as 4.62 MPa for concrete strength less than 20 MPa, and it
could be taken as 9.07 MPa for concrete strength equal or higher than 20 MPa. It should be noted, however, that the large
difference between the two values of the assumed bond strength signiﬁcantly affect the results. Therefore, it is probably not
easy to choose one of the values for bond strength (4.62 or 9.07 MPa) to predict the tensile capacity of FRP anchors with a
concrete strength close to 20 MPa.
5.3. Rupture failure (NRF)
This type of failure occurs when the tensile capacity of FRP anchor is less than the bond strength between FRP anchor and
concrete. The available experimental pullout tests were conducted on handmade CFRP anchors made by rolling pre-cut CFRP
sheets. According to previous test results [39–41], misalignment and consequently uneven distribution in the axial strain
across the cross-section of the anchor resulted in low tensile capacity of CFRP anchors compared to the theoretical tensile
strength of CFRP materials used to fabricate the anchors. The maximum achieved tensile strength of CFRP anchors were 61 %,
56 %, and 60 % compared to the theoretical tensile strength of CFRP materials based on Ozdemir [41], Ozbakkaloglu and
Saatcioglu [40], and, Kim and Smith [39], respectively. Although Ozdemir did not consider any reduction for anchor rupture
failure (Eq. 7), Ozbakkaloglu and Saatcioglu recommended to divide the tensile strength of FRP anchors by 3 to account for
rupture failure (Eq. 8). The design model proposed by Kim and Smith [42] reduced the tensile capacity of FRP anchors to 59 %
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(Eq. 9). It should be noted that the tensile strength (f FRP ) in Eq. 9 is not the theoretical tensile strength reported by the
manufacturer, but it is the tensile strength of experimentally tested ﬂat coupons of FRP materials. The study by Kim and
Smith [39] is the only one that tested equivalent ﬂat coupons for FRP anchors. It was reported that the tensile strength of ﬂat
coupons was 72 % of the theoretical tensile strength of FRP reported by the manufacturer. Therefore, the rupture failure
occurs at 42 % (59 % x 72 % = 42 %) of the theoretical tensile strength of FRP based on the design model proposed by Kim and
Smith [42].
5.4. Predicted pullout strengths of tested specimens
In general, the minimum force resulting from the above three failure modes is considered as the predicted tensile strength
of FRP anchors. As mentioned before, the models presented in Table 2 were based on CFRP anchors made from pre-cut CFRP
sheets. In the present study, these models were used because none of the previous studies have included tests or
investigation on CFRP anchors made from CFRP ropes. Table 3 compares the experimental results with the predicted tensile
strengths as well as the predicted failure modes. It should be noted that CFRP anchors with embedment deeper than 100 mm
were not considered in the previous models presented in Table 3. All three models underestimated the pullout strength of
specimens with 45-mm embedment, except for one specimen (B-5D-2.8D). This is mainly because the failure mode for most
specimens with 45-mm embedment was concrete cone failure. For longer embedment lengths, Ozdemir [41] overestimated
the pullout strength for almost all specimens with embedment length larger than 45 mm (Fig. 12a). This was expected since
Ozdemir (1) did not reduce the rupture strength of CFRP and (2) used a high bond strength (9.0 MPa) regardless of the hole
diameter and embedment length. Ozbakkaloglu and Saatcioglu [40] overestimated the strength of all specimens with 90mm embedment. However, it seems that the recommended rupture strength (0.33 f FRP ) was very conservative. The pullout
strength resulted from this method [40] did not exceed one-third of the theoretical strength of CFRP rope (44.7 kN), as shown
in Fig. 12(b). The model proposed by Kim and Smith [42] overestimated the tensile strength of CFRP rope anchors, but it was
the best out of the three models used in this study as shown in Fig. 12(c). This could be attributed to the assumed average
bond strength suggested by Kim and Smith. The model suggested to use either an average bond strength of 9.07 MPa for
concrete strengths equal or higher than 20 MPa or 4.62 MPa for concrete strengths less than 20 MPa. In this study, an average
bond strength of 9.07 was used, and it seemed to be more than the actual bond strength of the tested specimens. In summary,
none of the models used in this study had a consistently good agreement with the experimental results. Developing a
modiﬁed or new model for CFRP ropes epoxy-bonded to uncracked concrete is recommended.
5.5. Modiﬁed model proposed for CFRP rope anchors
The modiﬁed model proposed in the current study for CFRP rope anchors is basically the same as the model proposed by
Kim and Smith [42] with some modiﬁcations. The equation used for concrete cone strength (Eq. 3) was found to be
reasonable. However, the modiﬁcations were mostly related to the reduction factor used for FRP rupture strength and the
average bond strength (t ave ) used for combined concrete cone-bond failure. The reduction factor of 0.59 used in Eq. 9 was
Table 3
Experimental vs. predicted pullout strength of CFRP rope anchors.
Specimen

Embedment
length, mm

Nu-EXP, kN

Failure
mode

Ozdemir [41]

Ozbakkaloglu and Saatcioglu [40]

Kim & Smith [42]

Nu, kN

Failure mode

Nu, kN

Failure mode

Nu, kN

Failure mode

A-5D-1.5D
B-5D-1.5D
A-5D-2D
A-5D-2D-R
B-5D-2D
A-5D-2.8D
B-5D-2.8D
A-10D-1.5D
B-10D-1.5D
A-10D-2D
B-10D-2D
A-10D-2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D
A-20D-2D-R
A-20D-2.8D
A-30D-2.8D
A-30D-2D
A-35D-2D

46
47
45
45
43
48
46
93
92
90
91
92
93
136
134
180
182
183
269
270
318

15.70
17.97
11.92
20.46
16.64
20.19
15.70
25.67
23.44
26.11
24.15
27.58
23.98
51.02
50.75
46.35
67.52
48.57
76.11
69.93
66.01

CC
CC
SF
CC
CB
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
SF
GF
SF
BF
GF
RF

13.25
13.77
14.16
14.06
13.11
17.18
16.01
30.83
30.37
38.46
39.00
48.56
49.27
46.35
62.42
87.27
88.08
114.14
135.45
135.45
135.45

CC
CC
CC
CC
CC
CC
CC
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
CB
RF
RF
RF

13.25
13.77
14.16
14.06
14.64
17.18
16.01
37.43
37.30
44.70
44.70
44.70
44.70
44.70
44.70
44.70
44.70
44.70
44.70
44.70
44.70

CC
CC
CC
CC
CB
CC
CC
CB
CB
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF
RF

14.29
14.76
13.83
13.74
12.92
15.13
14.20
33.67
33.31
38.85
39.50
40.16
40.81
49.24
71.38
79.92
79.92
79.92
79.92
79.92
79.92

CC
CC
CC
CC
CC
CC
CC
CB
CB
CC
CC
CC
CC
CB
CC
RF
RF
RF
RF
RF
RF
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Fig. 12. Experimental vs. predicted tensile strength of CFRP rope anchors; (a) Ozdemir [41], (b) Ozbakkaloglu and Saatcioglu [40], and (c) Kim and Smith [39].

proposed based on the tensile strength of CFRP ﬂat coupons determined by Kim and Smith [39]. It is more reasonable to use
the theoretical tensile strength of CFRP (FFRP) instead of the tensile strength of ﬂat coupons (fFRP), which were based on
limited tests conducted on handmade CFRP anchors. In order to use the theoretical tensile strength of CFRP (FFRP) in Eq. 9, the
factor of 0.59 must be reduced. In the present study, only one specimen failed due to CFRP rupture after achieving 49 % of the
theoretical tensile strength of CFRP rope. Therefore, it is recommended to reduce the factor of 0.59 in Eq. 9 to 0.49 and replace
fFRP with FFRP since values for fFRP are not always available. Although this suggestion is based on very limited data, it is safer to
reduce the rupture failure of CFRP rope anchors until more data becomes available.
Table 4
Predicted pullout strength based on the modiﬁed model proposed in this study.
qﬃﬃﬃﬃﬃ
0
NCB ¼ ð14:056 þ aLb þ bd þ gÞpdh,
fc,
kN

NRF ¼ 0:49FFRP AFRP ,
kN

Nu = Min of
NCC , NCB , NRF ,
kN

Control
failure
mode

Nu/
Nu-EXP,

16.16
14.81
18.53

66.37
66.37
66.37

14.29
14.76
13.83

CC
CC
CC

13.74
12.92
15.13
14.20
41.09

18.53
15.44
18.79
14.79
30.88

66.37
66.37
66.37
66.37
66.37

13.74
12.92
15.13
14.20
30.88

CC
CC
CC
CC
CB

23.44 CB

40.16

27.29

66.37

27.29

CB

A-10D-2D

26.11

CB

38.85

34.54

66.37

34.54

CB

B-10D-2D

24.15

CB

39.50

29.97

66.37

29.97

CB

A-10D2.8D
B-10D-2.8D
A-15D-1.5D
A-15D-2D
A-20D-2D

27.58

CB

40.16

32.68

66.37

32.68
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Fig. 13. Experimental tests vs. the proposed modiﬁed model for CFRP rope anchors; (a) present study and (b) previous studies in addition to the present
study.

Moreover, Kim and Smith [42] suggested to use the same value of bond strength for different hole diameters and
embedment lengths. However, it was observed from the tests in the present study as well as previous tests on CFRP anchors
[39,40] that the average bond strength decreases with the increase of hole diameter and embedment length. In addition, the
model presented by Kim and Smith [42] allows the user to choose either an average bond strength of 9.07 MPa or 4.62 MPa
based on concrete compressive strength. Choosing a reliable value is crucial as the difference between the two values is
signiﬁcant. Although embedment length and hole dimeter have been proven in the past to affect the bond strength, a reliable
expression to predict the bond strength has not been proposed yet. Test results of the present study showed that the bond
strength was inﬂuenced by epoxy type as well. In the modiﬁed model proposed in this study for CFRP rope anchors, a
multiple linear regression analysis was performed to quantify the inﬂuence of each parameter on the average bond strength.
The parameters were the embedment length, hole diameter, and epoxy type. The regression analyses showed that the bond
strength of CFRP rope anchors can be expressed using the following equation:
ð10Þ
Avg: bond stress; t ave ¼ 14:056 þ aLb þ bd þ g
 1 
 1 
where a ¼ 96:644 , b ¼ 3:274 , g ¼ 0:897 for epoxy Type A and g ¼ 1:795 for epoxy Type B. The regression analysis was
performed to gain a better estimation of the average bond strength proposed by Kim and Smith [42]. It showed that the
inﬂuence of the epoxy type was statistically not signiﬁcant. However, including the inﬂuence of epoxy type as one of the
independent variables (x-axis) better explained the dependent variable (y-axis), which was the average bond strength, and
improved the model.
Table 4 summarizes the results of the proposed model and shows the steps of calculating the pullout strength of CFRP
rope anchors. A comparison between the predicted strength and the experimental results are presented in the table as well.
Fig. 13(a) shows that the predicted values have a good agreement with the experimental results of the present study. The
results of the modiﬁed model proposed in this study (Fig. 13a) have a better agreement with the experimental results than
the predicted values using all previous models (Fig. 12). In addition, the results of the proposed model showed a good
agreement with the test results of previous studies [39–41], as shown in Fig. 13(b). Based on the limited data available
currently in the literature, more tests are required to develop a more reliable mode for CFRP rope anchors.
6. Conclusions
The following conclusions can be drawn based on the test results reported in this study:
 CFRP ropes can be used to fabricate FRP anchors without having to cut and roll CFRP sheets to make the anchors.
 Based on the limited data of the tests conducted in this study, the increase of pullout strength with increasing the
embedment length continued until an embedment of 270 mm. However, the increase of strength between an embedment
of 180 mm and 270 mm was not signiﬁcant. Therefore, the optimum embedment length to maximize the pullout strength
of CFRP rope anchor appears to be between 180 mm and 270 mm.
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 Test results from the present study and previous studies on FRP anchors showed that there is no clear relationship between
anchor hole diameter and pullout strength.
 The average bond strength decreased with the increase of anchor hole diameter and embedment length.
 The anchoring resin used for CFRP rope anchors is recommended to be closer to the properties of epoxy Type A.
 The available models used to predict the tensile strength of CFRP anchors did not have good agreement with the test results
of this study. Therefore, it is recommended to use the proposed modiﬁed model for CFRP rope anchors until a more reliable
model becomes available.
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